This study reviews the volatility coef®cients used to convert the oven dry-matter (DM) content of grass silage to an accepted true DM base, volatile-corrected oven dry matter (VCODM). The revised coef®cients quoted for DM determination at 60°C, 85°C and 100°C are based on 18 grass silages with DM contents in the range 153±365 g kg ±1 . The volatility coef®cients for drying at 60°C, 85°C and 100°C were 0á090, 0á224 and 0á375 for lactic acid and 0á554, 0á716 and 0á892 for total volatile fatty acids respectively. The volatilities of ammonia and total alcohols remained unchanged from previous work and showed no temperature dependences in the range 60°C to 100°C. These revised coef®cients were validated using 36 grass silages from three harvests in 1996 and 1997, and no signi®cant differences were found among absolute dry matter (GCDM), alcohol-corrected toluene dry matter (ATDM) and VCODM contents based on the three drying temperatures (VCODM 100 , VCODM 85 and VCODM 60 ). A series of regression equations relating absolute DM content to oven DM content determined at different temperatures gave coef®cients of 1á024, 1á013 and 1á000 and constants of 12á67, 11á43 and 11á16 for oven drying at 60°C, 85°C and 100°C respectively. Mathematical manipulation of these equations enables interconversion of DM contents at the three drying temperatures. A new method is described for the analysis of volatile fatty acid, lactic acid and alcohol concentrations in grass silage by gas±liquid chromatography using a single injection in an automated procedure that makes the routine estimation of VCODM a practical proposition to satisfy routine high-volume requirements. Finally, in a separate study over 4 years using 2381 grass silages from research and commercial farms throughout Ireland, a simple regression is described, which, for advisory purposes, allows true silage DM content to be estimated from oven dry matter content (ODM) for silages in which ODM is >200 g kg ±1 .
Introduction
It is well documented that the content of true dry matter (TrDM) in silage is greater than that determined by oven drying in forced-air ovens (McDonald and Dewar, 1960; Larsen and Jones, 1973; Porter et al., 1984; Porter and Barton, 1997) . Research workers at centres involved in silage-feeding studies predict TrDM from oven dry-matter content (ODM) by adding the proportions of volatile components lost in oven drying. Alternatively, they have modi®ed the standard Ministry of Agriculture, Fisheries and Food (MAFF) recommendations on silage drying in an attempt to compensate for or reduce these volatile losses. With the former technique, the formulae and coef®cients most commonly used were published in 1984 (Porter et al., 1984) and covered the silage harvesting systems and ensiling practices adopted at that time, namely¯ail, double and precision chop, with the additives used being predominantly based on formic or mineral acids. The majority of clamp silage produced in the British Isles is now precision chopped with a short ®eld wilt, and additives, when used, are mainly biological types. (T. W. J. Keady, personal communication). These changes in oven drying practices and additive use necessitate a review of the volatility coef®cients reported previously with particular emphasis on volatile acid compounds. In addition, ODM techniques that involve drying at lower temperatures for longer times demand that a review of the volatility coef®cients should include drying at the most commonly used temperatures and times, namely 60°C, 85°C and 100°C for 48 h, 18 h and 16 h respectively. There are times when it is necessary to compare the chemical constituents of silages when the analytical work has been completed on samples that have been dried at different temperatures or using different techniques. This has been particularly important over the past 4 years at the Agricultural Research Institute of Northern Ireland, as it has transferred from a DM content determined by toluene distillation with corrections for alcohols to one based on adding volatile losses to ODM concentrations. A series of simple regression equations are presented that relate DM content determined by gas±liquid chromatography (GCDM), a method shown to be the best available measure of TrDM (Porter and Barton, 1997) , to those determined by toluene distillation or oven drying.
Materials and methods
Eighteen stable ®rst-and second-cut harvest silages from predominantly perennial ryegrass swards and covering a DM range from 153 to 365 g kg ±1 ODM 100 (oven dry-matter content determined at 100°C) were selected to re¯ect the DM range normally found in the temperate maritime climate of western Europe. The mean chemical analyses of these silages in the nominal DM ranges of <200, 200±300 and >300 g kg ±1 ODM 100 are reported in Table 1A . Before analysis, 2 kg of each silage was prepared by chopping (Porter, 1992) and analysed in quadruplicate for pH, ammonia and nitrogen concentrations, toluene dry-matter content (TDM), by the methods described by Steen (1989) , and water to give an absolute dry-matter content (GCDM) according to the method of Porter and Barton (1997) . Alcoholcorrected toluene dry matter (ATDM) was taken as the sum of toluene dry matter, ethanol and propanol.
Determination of volatile fatty acids, lactic acid and alcohols
Volatile fatty acids, lactic acid and lower alcohol concentrations were determined by gas±liquid chromatography on aqueous silage extracts obtained from steeping 30 g of fresh silage in 150 ml of deionized water for 16 h at 4°C in a sealed container followed by a preliminary ®ltering through 3 lm ®lter paper (Whatman International, Maidstone, Kent, UK). Deionized water (3 ml) and 1 ml of an internal standard solution (0á5 g 3-methyl-n-valeric acid in 1000 ml 0á15 mol l )1 oxalic acid) were added to 1 ml of ®ltrate from the above, and the solution was ®ltered through a 0á45-lm polyethersulphone membrane into a chromatographic sample vial for analysis. A 0á3-ll aliquot was injected using an on-column technique with an autosampler (Varian 8200 CX, Varian, Walnut Creek, CA, USA) into a wide-bore capillary column (SGE BP21 25 m´0á53 mm internal diameter and 0á5 lm ®lm thickness; P/N 054474, SGE International, Ringwood, Victoria, Australia) installed in a Varian Star 3400 CX chromatograph running in a temperature-programmed mode with automatic baseline correction. The column was held at 45°C for 2 min and then increased at 10°C min )1 to 220°C giving a run time of »20 min. The injector and¯ame ionization detectors were held at 220°C, and nitrogen was used as the carrier gas at a¯ow rate of 1 ml min )1 . With automatic calibration every 12th injection, the capacity is about 40 samples day )1 . A typical chromatogram is shown in Figure 1 , demonstrating the quality of the separation achieved and the lack of peak tailing normally attributed to lactic acid in its raw form.
Determination of volatile coef®cients
At the same time as the chemical analysis, suf®cient chopped silage to yield »35 ml of distillate was mixed with 10 g of solid PVC 2 mm´50 mm rods and weighed into 1000 ml round-bottomed¯asks. Ninē asks for each silage (three temperatures´three replicates) were sealed and stored at ±20°C until required for determination. These silages were analysed for the volatility coef®cients of their fermentation products at 60°C, 85°C and 100°C by a modi®cation of the method of McDonald and Dewar (1960) . The apparatus ( Figure 2 ) consisted of a closed system made up with Quick®t glassware (Bibby Sterilin, Stone, Staffordshire, UK) with ®ve main elements: a preheater and drier for the drying air, a temperature-controlled oil bath, aǹ Inland Revenue' condenser (C6/13/SC) with a pumped coolant system running at 4°C, a receiver¯ask located in an ice bath and a vacuum pump with a¯ow controller. Pre-dried and heated air at a rate of »500 ml min ±1 at 100 2°C, 85 2°C or 60 2°C was drawn through the system for 16 h, 18 h or 48 h respectively. The double-surface condenser was washed with 5´10 ml aliquots of distilled water into the receiver¯ask, and the combined contents were made up to 100 ml for analysis of alcohols, volatile fatty acids, lactic acid and ammonia concentrations as described above.
Silages for the validation of volatility coef®cients
Thirty-six grass silages in the DM range 149±380 g kg ±1 ODM 100 taken from three harvests in 1996 and 1997 ODM, oven dry-matter concentration; ATDM, alcohol-corrected toluene dry matter; GCDM, dry-matter concentration determined by gas±liquid chromatography (absolute drymatter concentration).
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were prepared according to the method of Porter (1992), analysed for GCDM, ATDM and ODM by drying at 100 2°C for 16 h (ODM 100 ), 85 2°C for 18 h (ODM 85 ) and 60 2°C for 48 h (ODM 60 ) in forced-air ovens. Chemical analysis was carried out as described previously, and the chemical compositions of the silages are given in Table 1B . 
Results and discussion

Apparatus and recovery tests
The collection of distillate was achieved by a combination of a cold multisurface condenser at 4°C and a long delivery tube. The length of this tube allowed the distillate to drip into the receiver¯ask, but it was suf®ciently short to prevent bubbling at maximum liquid recovery. Recovery tests for added alcohols, total volatile fatty acids, ammonia and lactic acid on three reconstituted silages in triplicate at 100°C gave recoveries of 97á5% (s.e.m. 0á98, NS), 95á7% (s.e.m. 1á52, NS), 97á2% (s.e.m. 0á55, NS) and 99á4% (s.e.m. 0á47, NS) respectively. The concentrations of lactic acid, total volatile fatty acids, total alcohols and ammonia were determined on the distillates and expressed as proportions of each analyte group in the original silage samples. The data were analysed by two-way analysis of variance for both temperature and DM range and are reported in Table 2 . As there were no signi®cant interactions, only main effects are reported.
The effect of DM and pH on the volatility of components Figure 3 describes the observed linear relationship (r 2 adjusted 0á861) of DM content with pH for the 18 test silages superimposed on the theoretical proportions of free lactic and acetic acids. The volatilities of acidic components in silage are a function of both the boiling points and the pK a of the acid components, where the pK a describes the amount of free acid at any given pH, the free acid being the volatile component of the equilibrium mixture of acid and salt. Boiling points for acetic acid, propionic acid and butyric acid are 118°C, 141°C and 166°C, respectively, whereas their pK a s are in the range 4á7±4á9; lactic acid has a boiling point of 122°C and a pK a of 3á76. For any given pH, these physical properties describe why lactic acid, even though having a lower boiling point than some volatile fatty acids, has a lower volatility. Although the volatility of lactic acid tended to decrease with increasing DM content, the differences were not signi®cant (Table 2) . For volatile fatty acid components, there was no trend of decreasing volatility with increasing DM content and pH over the three DM content ranges. This result re¯ected the low pH range covered, 4á38±3á65, a range in which between 0á70 and 0á92, respectively, of the acids are in the free state. The volatilities of alcohols, which are normally present in their free states, were not found to be DM content dependent, but it was observed that the rates of evaporation were greater with drier silages. Ammonia concentrations in well-preserved silages range from negligible amounts to about 0á10 of total nitrogen and, although these concentrations are small, i.e. up to 1á0 g kg ±1 fresh silage, they are measurable and are therefore included in the revised empirical equations. The relatively constant coef®cient for ammonia re¯ected the high solubility of the gas in the aqueous medium, which extended to include the vapour phase. Ammonia was not detected in the residual DM of any silages.
The effect of temperature on the volatility of components
The alcohols, ethanol and propanol, are highly volatile compounds with low boiling points that are easily lost during oven drying. Hence, there were no signi®cant differences in volatilities at the three measured Total alcohols  0á991  0á969  0á975  0á993  0á985  0á957  0á0127  NS  NS  Ammonia  1á003  0á978  0á987  0á993  1á000  0á973  0á0113  NS  NS VFA, volatile fatty acid; NS, not signi®cant; ***P <0á001.
Inter-relationships between estimates of silage dry matter 409 temperatures ( Table 2 ). The effect of temperature on the volatility of lactic acid was signi®cant (P <0á001) over the three temperatures assessed, with volatilities of 0á09, 0á22 and 0á38 at 60°C, 85°C and 100°C respectively. The small change in the volatility coef®cient from 0á41 to 0á38 for the 100°C drying temperature from the previously reported coef®cient re¯ects the increased residual pH of the silages in the present study and thus the lower concentration of free acid. Previous work (Porter et al., 1984) has been conducted on silages that had been conserved with mineral acids or with formic acid (pKa 3á75) at »2á5 kg tonne ±1 , both of which were demonstrated to lower residual pH. The volatility coef®cients for total volatile fatty acids at 60°C, 85°C and 100°C were 0á55, 0á72 and 0á89 respectively (P <0á001). Ammonia volatility was not found to be temperature dependent.
Validation of volatility coef®cients
A total of 36 grass silages, as described in Table 1B , were used to calculate VCODM at drying temperatures of 100°C, 85°C and 60°C (VCODM 100 , VCODM 85 and VCODM 60 ) using the revised coef®cients in Table 2 . The results were compared with GCDM, an analytical measure of TrDM by difference (Porter and Barton, 1997) , and ATDM, the most widely used DM estimation used in research centres over the past 15 years. DM contents were 279á0, 276á0, 276á2, 275á0 and 275á2 g kg ±1 (s.e.m. 1á494, NS) for GCDM, ATDM, VCODM 100 , VCODM 85 and VCODM 60 respectively (Table 3) , validating the proposed regression equations. There are times when, for analytical reasons, it is necessary to be able to convert chemical analysis data determined on one DM base to another, e.g. when comparing ®bre data determined on 100°C dried samples with carbohydrate data determined on 60°C dried samples. Table 3 reports ®ve regression equations for the prediction of GCDM from ATDM, VCODM 100 and ODM at three temperatures, which by simple algebra can be used to inter-relate DM bases.
Estimation of TrDM from ODM without volatile analysis
Over 2381 silages tested, the sum of measured volatile concentrations was 23á06, 26á91, 33á28, 33á72, 34á87, 32á28 and 31á91 g kg ±1 fresh silage for the <175, Figure 3 Relationship of pH to alcohol-corrected toluene dry matter (ATDM) and theoretical free acid concentrations. This equation, although developed using data from silages dried at 85°C, may be transformed using the regression equations in Table 3 by substituting ODM 85 for (1á011 ODM 100 + 1á24) or (0á987 ODM 60 ±0á26) for drying at 100°C and 60°C respectively.
Conclusions
The revised coef®cients for the volatility of components in fresh silage give an increased accuracy to the existing calculated VCODM at 100°C. The additional coef®cients determined at two further drying temperatures, 60°C and 85°C, allow the volatile corrected estimation technique to be used more widely. Of equal importance, the derived regression equations outlined in Table 3 allow analytical results obtained for silages prepared by different sample pretreatment techniques to be converted back to the same DM base. Finally, for those workers without the facilities for silage volatiles estimation or for advisory work, the regression equation 1 gives a useful tool for the rapid estimation of TrDM. ). Inter-relationships between estimates of silage dry matter 411
